In this paper, we investigate the temperature and pH dependence of the mitochondrial inner membrane anion channel (IMAC) that is believed to be involved in mitochondrial volume homeostasis. At pH 7.4, the flux of malonate is highly temperature-dependent with rates increasing from 1 nmol/min⅐mg at 5°C to 1900 nmol/ min⅐mg at 45°C. The Arrhenius plot is nonlinear with the activation energy increasing from 21 kJ/mol (Q 10 ‫؍‬ 1.3) to 193 kJ/mol (Q 10 ‫؍‬ 13) as the temperature is decreased. This temperature dependence is unusual and not seen with solutes that are transported through the bilayer such as NH 4 OAc, malonamide, and KSCN (plus valinomycin) or even for cytochrome c oxidase-dependent uptake of potassium (plus valinomycin). The temperature dependence of IMAC is closely related to the inhibition of IMAC by protons. Thus, we find that the pIC 50 for protons decreases from 9.3 (Hill coefficient ‫؍‬ 1.0) at 5°C to 7.1 (Hill coefficient ‫؍‬ 2.5) at 45°C. This behavior is explained on the basis of a new kinetic model for IMAC in which the net open probability is not only modulated by the binding of three protons but also by temperature via effects on the open probability of the unprotonated channel and the pK of one of the inhibitory protonation sites.
In this paper, we investigate the temperature and pH dependence of the mitochondrial inner membrane anion channel (IMAC) that is believed to be involved in mitochondrial volume homeostasis. At pH 7.4, the flux of malonate is highly temperature-dependent with rates increasing from 1 nmol/min⅐mg at 5°C to 1900 nmol/ min⅐mg at 45°C. The Arrhenius plot is nonlinear with the activation energy increasing from 21 kJ/mol (Q 10 ‫؍‬ 1.3) to 193 kJ/mol (Q 10 ‫؍‬ 13) as the temperature is decreased. This temperature dependence is unusual and not seen with solutes that are transported through the bilayer such as NH 4 OAc, malonamide, and KSCN (plus valinomycin) or even for cytochrome c oxidase-dependent uptake of potassium (plus valinomycin). The temperature dependence of IMAC is closely related to the inhibition of IMAC by protons. Thus, we find that the pIC 50 for protons decreases from 9.3 (Hill coefficient ‫؍‬ 1.0) at 5°C to 7.1 (Hill coefficient ‫؍‬ 2.5) at 45°C. This behavior is explained on the basis of a new kinetic model for IMAC in which the net open probability is not only modulated by the binding of three protons but also by temperature via effects on the open probability of the unprotonated channel and the pK of one of the inhibitory protonation sites.
The mitochondrial inner membrane anion channel (IMAC) 1 mediates the transport of a wide variety of different anions and is believed to be involved in mitochondrial volume homeostasis. Its properties have been characterized at 25°C by flux studies in intact mitochondria, and many inhibitors have been identified (see Ref. 1 for a review). Recently, it has been shown that IMAC is blocked by DIDS (2) which is an inhibitor of many anion channels (3) . The most physiologically important inhibitors of IMAC are protons and magnesium which inhibit from the matrix (inner) side of the inner membrane. At pH 7.4, the pIC 50 for Mg 2ϩ is about 40 M (4), and the pIC 50 for protons is about 7.8 (5); consequently, in freshly isolated mitochondria, which contain about 0.5 mM free Mg 2ϩ (6, 7) , IMAC is almost inactive. Thus, IMAC is usually assayed in Mg 2ϩ -depleted mitochondria or under conditions that alkalinize the matrix (1). It has also been shown that N-ethylmaleimide and mercurials stimulate IMAC by increasing the IC 50 for protons and the IC 50 for Mg 2ϩ (8) ; moreover, the IC 50 for Mg 2ϩ is also found to increase with pH (4) . These findings have led to the suggestion that other physiological factors may modulate the IC 50 values for these inhibitors (8) . In the present paper, we show that temperature is one of these important factors.
One or more anion channels have been observed in the inner mitochondrial membrane using the electrophysiological techniques of patch-clamping (9 -11) and reconstitution into planar lipid bilayers (12, 13) . Whether any of these channels represent IMAC is still uncertain; however, many of the properties of IMAC in intact mitochondria can be explained by a simple channel model in which H ϩ and Mg 2ϩ decrease the open probability of IMAC by binding to the closed state. In this model, the effects of N-ethylmaleimide can be readily explained by an increase in the open probability (14) .
We now present an examination of the relationship between the regulation of IMAC by temperature and pH. The results are consistent with a model in which the flux through the open channel has an activation enthalpy of 8 -20 kJ/mol (Q 10 ϭ 1.1-1.3) while channel opening has an activation enthalpy of 170 -190 kJ/mol (Q 10 ϭ 10 -13) and is highly pH-dependent.
EXPERIMENTAL PROCEDURES
Assay of Anion Transport-Anion transport was assayed by following swelling that accompanies net salt transport, using the light scattering technique as described in detail elsewhere (15, 16) . Using this technique, we generate a light scattering variable, ␤, that normalizes reciprocal absorbance for mitochondrial protein concentration, P (mg/ml), according to the formula (Equation 1)
where a is a machine constant and P s (equals 1 mg/ml) is a constant introduced to make ␤ dimensionless. The rate of salt transport is calculated from the rate of change of ␤ according to the formula (Equation 2) (16)
where ⌽ is the medium osmolality (110 milliosmolal in most studies reported here); S o the solute content of the stock preparation of mitochondria (190 nosmol/mg) used to determine b (15 milliosmolal), the slope of the equilibrium absorbance osmotic curve; and n is the number of mol of osmotically active particles that make up 1 mol of the transported salt. At ⌽ ϭ 110 milliosmolal ⌽S o /b is about 1400 nmol/mg. To determine rates of solute transport, we used a Brinkmann Probe Colorimeter (Model PC700) with a 520-nm filter and a 1-cm probe (2-cm light path). With this probe, for optimum sensitivity, we normally use mitochondria at a concentration between 0.1 and 0.2 mg/ml. The output from the colorimeter is digitized at rates of 0.5, 3, or 18 Hz depending on the rate of swelling using an ISAAC I150 16-bit A/D converter attached to a Dell 486 66-MHz computer and saved for further analysis.
Pretreatment of Mitochondria with A23187-The normal mitochon-drial stock suspensions (50 mg of protein/ml) were diluted 1:5 in K ϩ MOPS (25 mM) and EDTA (5 mM) adjusted to pH 7.4 (at 25°C) and maintained at 0°C. A23187 (1 nmol/mg), nigericin (0.5 nmol/mg), and rotenone (0.5 g/mg) were added and at least 10 min was allowed to elapse after mixing before the mitochondria were transferred to the various assay media. This pretreatment proved to yield a stable preparation that could be used for several hours without a change in the rates of swelling. In some experiments, N-ethylmaleimide (30 nmol/mg) was also added to this pretreatment medium.
Assay Media for Anion Transport-The potassium malonate media for assay of IMAC contained the K ϩ salts of malonate (36.7 mM) and EDTA (0.1 mM), EGTA (0.1 mM) and MOPS (5 mM). The composition of other assay media are described in the figure legends. All media were made to the same tonicity (110 mOsm). For experiments in which the temperature was to be varied, the pH of the assay medium was first adjusted at 25°C to a value, calculated on the basis of a value of Ϫ0.0095 for ⌬pK/°C for the buffer, which would yield the desired pH at the desired temperature. In this way, separate assay media were prepared for each temperature to be studied. The value of ⌬pK/°C was determined experimentally in the malonate assay medium described above. The temperature of each assay tube was measured prior to the addition of mitochondria to ensure a steady value had been achieved. For studies in which the effect of pH was to be investigated at a given temperature, separate media were prepared at approximately the desired pH, and the actual pH value of each assay tube was measured at the completion of each run while the assay tube remained in the water bath.
Drugs and Reagents-Most drugs were obtained from Sigma. The ionophores and rotenone were dissolved in ethanol. Cibacron blue 3GA and N-ethylmaleimide were dissolved in water. Rat liver mitochondria were prepared as described previously (15) .
RESULTS

Anion Uniport Mediated by IMAC Is
Sensitive to Temperature-In the presence of valinomycin to mediate electrophoretic K ϩ transport, mitochondria depleted of endogenous Mg 2ϩ by pretreatment with A23187 and EDTA swell when suspended in potassium malonate at a rate limited by the malonate flux (1, 17) . As shown by the data in Fig. 1 obtained at pH 7.4, the rate of swelling is strongly dependent on temperature. There is a temperature-dependent acceleration phase, the mechanism of which has yet to be established, followed by a slow decline in rate that results from the decrease in the salt gradient as swelling proceeds. To avoid complications of the acceleration phase, rather than measuring initial rates, we have determined the fluxes through IMAC from the slope (d␤/dt) between ␤ ϭ 0.32 and ␤ ϭ 0.38. Using a constant ␤ range ensures that the flux under each condition is determined at the same matrix volume and salt gradient (15, 16) . Fluxes measured in this way vary from 1.1 nmol/min⅐mg at 5°C to 1880 nmol/min⅐mg at 45°C. This large variation was unexpected, since for a typical channel with an activation enthalpy of 30 kJ/mol only a 5-fold increase would be expected for this change in temperature. We observe a 5-fold increase in rate when the temperature is raised from 25 to 37°C; however, above 37°C there is only a small further increase in rate. These observations led us to suspect that the temperature effects we were observing did not reflect the activation enthalpy of transport but a temperature-dependent activation or increase in open probability of IMAC.
The Effect of pH on the Temperature Dependence of IMACPreviously, we have hypothesized that protons inhibit IMAC by modulating the open probability (14) . Thus, to examine the possibility that the effect of protons and temperature may be related, we determined the effect of raising pH on the temperature dependence of IMAC. Comparison of the traces obtained at pH 8.4 ( Fig. 2) with those obtained at pH 7.4 reveals that raising the pH has negligible effect at high temperatures, whereas the rates at 5°C are stimulated 20-fold. Thus, since elevation of pH does not stimulate the flux at all temperatures, the effects of pH and temperature must be linked.
The Arrhenius plots for these data shown in Fig. 3 are highly nonlinear. As the temperature is lowered from 45 to 5°C, the apparent activation enthalpy derived from the slope increases from 21.3 kJ/mol (Q 10 ϭ 1.3) up to 193 kJ/mol (Q 10 ϭ 13.2) at pH 7.4 and 152 kJ/mol (Q 10 ϭ 7.6) at pH 8.4. In view of this pH effect, we hypothesize that the steep component observed at low temperatures represents a change in the open probability, whereas the low slope observed at high temperatures represents the activation enthalpy for transport. The equation describing the Arrhenius plot for this model may be derived as follows. For a population of channels, the net flux J is given by Equation 3
where C T is the total number of channels, 
According to Eyring theory, the temperature dependence of ␣ is given by
where ␣Ј, k, and h are constants; T is the absolute temperature and ⌬H ‡ and ⌬S ‡ are the activation enthalpy and activation entropy, respectively (18) . The temperature dependence of 
Combining Equations 4 -6 yields
and for the Arrhenius plot
This may also be written in the following form
where Table I and the curves drawn in Fig. 3 . In view of the lack of a real linear phase at the high temperatures at pH 7.4, the data at pH 7.4 were analyzed using the value of ⌬H ‡ (20.8 kJ/mol) obtained from the pH 8.4 data. This analysis demonstrates that the effect of pH may be explained by a change in the enthalpy of channel opening (⌬H open ) and T 50 .
Effect of N-Ethylmaleimide on the Temperature Dependence of IMAC-Our earlier hypothesis for the regulation of IMAC
proposed that the open probability is increased by reaction with the thiol-reactive reagent N-ethylmaleimide (14) . This hypothesis predicts that the extent of stimulation of transport by NEM, like that produced by an increase in pH, should be temperature-dependent if both exert their effects through a change in P o .
Arrhenius plots for malonate transport in control and NEMtreated mitochondria are compared in Fig. 4 . Consistent with the hypothesis, NEM has a negligible effect at high temperatures but stimulates 13.6-fold at 5°C. Fitting Equation 9 to the data indicates that, like elevation of pH, NEM stimulates by decreasing the enthalpy of channel opening (⌬H open ) from 174 kJ/mol to 141 kJ/mol. An almost parallel decrease on the entropy of opening (⌬S open ) 573 J/mol⅐K to 472 J/mol⅐K limits the effect, and there is a relatively small decrease in T 50 . Similar results were obtained at pH 8.4 (curves not shown); however, at this pH, stimulation was only evident below 20°C with 2.3-fold stimulation at 5°C (see Table I for summary of data).
Effect of Temperature on Other Transport Processes Assayed Using the Light Scattering
Technique-In view of the dramatic effects of temperature on IMAC observed in these studies and the "nonstandard" temperatures used, we examined several other mitochondrial transport processes to determine whether the behavior demonstrated in Fig. 3 truly reflects the properties of IMAC.
One concern was that the transport rates at high temperatures were not limited by IMAC but by other processes such as K ϩ or H 2 O transport. Doubling the dose of valinomycin had no effect on these rates suggesting that the rate was not limited by the concentration of valinomycin. To determine whether H 2 O transport might be limiting, we examined the temperature dependence of mitochondrial swelling rates in ammonium acetate. Both NH 3 and CH 3 COOH cross the mitochondrial inner membrane very rapidly. Due to the rapid swelling at high temperatures, it was not possible to measure initial rates since much of the swelling takes place within the 1.2-s mixing time. Thus, we measured rates at high, but equal, ␤ values for all temperatures. These data are presented in Fig. 5 (closed circles) and yield a linear Arrhenius plot (⌬E a ϭ 54.3 kJ/mol, Q 10 ϭ 2.07). Rates measured at lower ␤ values in the low temperature traces are also shown (open circles) and yield a parallel line indicating that ⌬E a for transport is independent of mitochondrial volume. From this curve, we estimate the rate of NH 4 OAc transport at 45°C between ␤ ϭ 0.36 -0.42 to be 22.5 mol/min⅐mg. This is 15-16-fold faster than the rate of malonate transport at the same extent of swelling. Thus, it is un- Table I. likely that the malonate transport rates are limited by H 2 O flux.
We also investigated the temperature dependence of malonamide transport (Fig. 5) . This nonelectrolyte is able to cross lipid bilayers at a rapid rate (16) . In this case, the rate of swelling at 45°C was similar to that observed in potassium malonate; however, as with NH 4 OAc, the Arrhenius plot was linear (⌬E a ϭ 70.7 kJ/mol, Q 10 ϭ 2.6).
A second concern was that the rate at low temperatures may be limited by the diffusion of valinomycin across the bilayer. Again, increasing the dose had no effect. Moreover, at 5°C the rate of KSCN transport induced by valinomycin (Fig. 5, closed  squares) is 43-fold higher than the rate of K ϩ transport accompanying malonate transport, whereas the rate at 45°C is approximately the same. We have also investigated the rate of K ϩ transport induced by valinomycin in mitochondria respiring on ascorbate/N,N,NЈ,NЈ tetramethyl-p-phenylenediamine (Fig. 5,  open squares) . Under these conditions, at 5°C the K ϩ transport rate is about 190-fold higher than the K ϩ flux that accompanies the malonate flux. Thus, we conclude that in the assay of IMAC, the fluxes at low temperatures are not limited by valinomycin.
We have also examined the temperature dependence of the dicarboxylate carrier, which can be assayed using a similar technique. In this assay, net transport of potassium malate is induced by the addition of nigericin and phosphate (19) . The Arrhenius plot obtained is shown in Fig. 5 . Like that for IMAC, the plot is nonlinear with the ⌬E a increasing from 59.2 kJ/mol (Q 10 ϭ 2.2) to 125.1 kJ/mol (Q 10 ϭ 5.3). Fitting Equation 9 to the data yields the constants presented in Table I . T 50 is close to that observed for IMAC, whereas ⌬H ‡ flux is higher and ⌬H open lower. Thus, the ratio of rates measured at 5 and 45°C is only 150 for the dicarboxylate carrier compared with 1700 for IMAC. One significant difference between the behavior of the dicarboxylate carrier and IMAC is that the temperature dependence of the dicarboxylate carrier is essentially unaffected by raising the pH from 7.4 to 8.4 (Fig. 5, closed and open triangles, respectively). These data provide evidence that the pH dependence of the Arrhenius plot for IMAC is a property of IMAC and does not result from a secondary nonspecific effect on the membrane.
Inhibition of IMAC by Cibacron Blue-As a further means of establishing that the rapid anion fluxes observed at high temperatures are mediated by IMAC, we examined inhibition by Cibacron blue. Previously, we have reported that inhibition of IMAC by Cibacron blue, unlike inhibition by Mg 2ϩ , is relatively insensitive to pH and that the IC 50 is decreased by N-ethylmaleimide (20) . On this basis, we have proposed that Cibacron blue blocks IMAC by binding to the open state. Thus, for our interpretation of the temperature effects to be consistent with our model, Cibacron blue should be a good inhibitor of IMAC even at high temperatures. The data presented in Fig. 6 show this to be the case. At 25°C, in agreement with a previous report (20) , we obtain an IC 50 of 1.4 M (open circles), while at 40°C a value of 0.8 M is obtained. In both cases, the curves are drawn assuming inhibition approaches 100%.
Effect of Temperature on the pH Dependence of IMAC-From the effect of pH on the temperature dependence (Fig. 3) , it is evident that the effects of temperature and protons on IMAC are somehow linked. Consequently, it became important to a Value assumed to be the same as found at pH 8.4 and higher. Fig. 1, are shown. When present, N-ethylmaleimide (30 nmol/mg) was added to the pretreatment medium (see "Experimental Procedures" for composition of assay and pretreatment media).
FIG. 4. The effect of N-ethylmaleimide on the temperature dependence of IMAC. Arrhenius plots of malonate flux (J) determined for control (q) and N-ethylmaleimide-treated mitochondria (E) at pH 7.4, as described in
FIG. 5.
Temperature dependence of the dicarboxylate carrier, cytochrome oxidase, and noncarrier-mediated transport processes. Arrhenius plots for solute fluxes between 5 and 50°C determined using the light scattering technique are shown. Mitochondria were pretreated as described under "Experimental Procedures" but in the absence of A23187 and nigericin, before being added to the various assay media at 0.12 mg/ml. Cytochrome c oxidase, Ⅺ; ⌬H ϭ 34 kJ/mol, K ϩ uptake rates induced by the addition of valinomycin (1 nmol/mg) were measured. The medium contained the K ϩ salts of acetate (30 mM), Cl Ϫ (45 mM), EGTA (0.1 mM), MOPS (5 mM) plus cytochrome c (6 M), ascorbate (1.5 mM) and N,N,NЈ,NЈ-tetramethyl-p-phenylenediamine (0.15 M) as respiratory substrates and was maintained at pH 7.0. Dicarboxylate carrier, å; pH 7.4 ⌬H ϭ 59 -125 kJ/mol; Ç, pH 8.4 ⌬H ϭ 59 -99 kJ/mol. Malate flux was determined from the rate of swelling induced by addition of nigericin (1 nmol/mg) and P i (2 mM) to medium containing the K ϩ salts of malate (37 mM) and MOPS (5 mM), EGTA (0.1 mM). KSCN, f; ⌬H ϭ 58 kJ/mol, net K ϩ flux induced by valinomycin (1 nmol/mg) was assayed in a medium containing the K ϩ salts of SCN Ϫ (57 mM), MOPS (5 mM) and EGTA (0.1 mM) maintained at pH 7.0. Malonamide, ç; ⌬H ϭ 71 kJ/mol, transport was assayed in medium containing malonamide (110 mM) and the K ϩ salt of MOPS (5 mM) and EGTA (0.1 mM). NH 4 OAc, q, E; ⌬H ϭ 54 kJ/mol, transport was assayed in medium containing NH 4 OAc (57 mM) and the K ϩ salt of MOPS (5 mM) and EGTA (0.1 mM). q, rates determined between ␤ ϭ 0.6 -0.67; E, rates determined between ␤ ϭ 0.36 -0.42. See text and "Experimental Procedures" for further experimental details.
examine the effect of temperature on the pH dependence of IMAC.
The data in Fig. 7 , A-C, show the relationship between malonate flux and proton concentration at 37, 25, and 10°C, respectively. Using nonlinear regression, J max ([H ϩ ] 3 O) and IC 50 values were determined by extrapolation and interpolation (see below), and the values of J max were then used to construct the Hill plots contained in Fig. 7D . Because the extrapolation to J max is relatively short, the values of J max and IC 50 obtained were found to have little dependence on the mechanism of extrapolation.
At 25°C, in agreement with previous reports (5, 8, 14, 21) , the pIC 50 is 7.76. Up to 50% inhibition, the Hill coefficient is close to unity, but above 50% inhibition, it increases to a value of 2.4. At 15 (not shown) and 10°C, the pIC 50 increases to 8.50 and 9.08, respectively, and the Hill plot becomes linear with a slope very close to unity between 10 and 90% inhibition. In contrast, at 37°C the pIC 50 decreases to 7.39 and the Hill plot becomes linear with a slope of 2.5.
To determine the relationship between temperature and the pIC 50 for protons, we carried out a similar experiment in which the pH dependence of IMAC was determined at 5°C intervals between 5 and 45°C using a single preparation of mitochondria. Fig. 8A (solid circles) and decrease from 9.3 at 5°C to 7.1 at 45°C. The Arrhenius plot for (Fig. 8B, solid circles) is nonlinear suggesting that even in the absence of protons the open probability of IMAC is temperaturedependent. Between 30 and 45°C, the slope of this Arrhenius plot (⌬E a ) is 22.2 kJ/mol (Q 10 ϭ 1.3) which is similar to values of activation energy reported for other channels (22) . To demonstrate the reproducibility of the results between different preparations, the values obtained in the experiments shown in Fig. 7 are also included in Fig. 8 (open symbols) . These findings not only demonstrate that the pIC 50 for protons is temperaturedependent but also that the kinetic model invoking a single protonation site for inhibition by protons described by Beavis FIG. 6 . Cibacron blue 3GA inhibits malonate uniport at high temperatures. Dose-response curves for inhibition of malonate flux at 40 (q) and 25°C (E) are compared. Rates of transport were assayed as described in Fig. 1 Fig. 9 ). For ease of comparison these curves are plotted as
D shows the Hill plots for these data plus data obtained at 15°C. q, 37°C; å, 25°C; f, 15°C; E, 10°C. (14) is an inadequate description of the regulation of IMAC at physiological temperatures. Thus, we sought a new kinetic model that would provide a more accurate description of the temperature and pH dependence of IMAC.
Model to Explain the Relationship Between Temperature and pH Dependence of IMAC-Since the Hill coefficient decreases from values close to 3 at high temperatures to a value of 1 at low temperatures, at least three protonation sites must be involved in inhibition at high temperatures, whereas only one site is involved at low temperatures. To explain the decrease in pIC 50 as temperature rises, the apparent pK of this latter site must be highly temperature-dependent. Thus, we set up a general model in which IMAC is inhibited by the preferential binding of one to three protons to the closed or inactive state. Fitting the equation obtained (not shown) to our data, we found that the scheme shown in Fig. 9 Fig. 8B and yields a value of ⌬H 1 ϭ 100 kJ/mol and ⌬S 1 ϭ 180 J/mol⅐K. The value of pK 2 ϩ pK 3 ϭ 14.75. Equation 10 describes this model, and all the curves in Fig. 7 are drawn on the basis of this equation using the parameters listed above.
The dotted lines contained in Fig. 7 show how the concentrations of the species in Fig. 9 vary with [H ϩ ] to account for the nonlinear Hill plots.
We should point out that Fig. 9 is the simplest kinetic model that can account for our data. It does not rule out a more complex model. For example, the protonation sites could reside on a regulatory protein distinct from the channel itself; however, currently, we have no evidence for a more complex regulatory mechanism.
DISCUSSION
In this paper, we have presented evidence that the activity of the inner membrane anion channel is unusually sensitive to temperature. Moreover, we have shown that this temperature dependence is closely related to the regulation of IMAC by protons and that at least three protons must be involved. Previous studies carried out at 25°C suggested that, even after depletion of matrix Mg 2ϩ , at physiological pH, IMAC is substantially inhibited by protons. Our new findings, however, indicate that this inhibition is greatly reduced by raising the temperature from 25 to 37°C as a consequence of a decrease in the pIC 50 from 7.8 to 7.3. Thus, it is likely that at physiological temperatures, IMAC has a much higher activity than would have been predicted from measurements made at 25°C. However, before the precise activity under physiological conditions can be estimated, we need to determine the effect of temperature on the IC 50 temperature (23) . Although the temperature dependence of a process per se may not be important for homotherms, it could be very important for poikilotherms. A channel very similar to IMAC has been shown to exist in plant mitochondria; however, several of the regulatory properties of this channel have been shown to differ from IMAC in rat mitochondria (24) . Thus, the question arises as to whether the temperature dependence of PIMAC also differs or whether the other differences in the regulation may somehow be related to the plant's ability to deal with changes in temperature.
In the past, nonlinearity or breaks in Arrhenius plots have been frequently attributed to phase transitions in the lipid bilayer (see Ref. 25 for discussion). The data presented here, however, suggest that the dramatic effects on the flux through IMAC reflect the properties of the transport protein itself. In support of this conclusion, we have demonstrated that many other transport processes in mitochondria yield linear Arrhenius plots. Thus, valinomycin-dependent influx of K ϩ , driven by cytochrome oxidase, an integral inner membrane protein, exhibits no break nor do the influxes of NH 4 OAc, malonamide, or KSCN in the presence of valinomycin, all of which are believed to cross the lipid bilayer. In addition to demonstrating that the nonlinearity we observe is not related to the use of valinomycin, these findings strongly suggest that between 5 and 45°C there is no gross change in the structure of the mitochondria nor phase change in the lipids. Thus, these data support the conclusion that phospholipids in mammalian membranes are in a fluid state at temperatures above 5-10°C (25) . Given this conclusion, it is possible that the nonlinearity of the Arrhenius plot obtained for the dicarboxylate carrier may also reflect a conformational change between an active and an inactive state. Two other mitochondrial anion carriers have also been reported to exhibit nonlinear Arrhenius plots, the adenine nucleotide translocase (26) and the phosphate carrier (27) . These latter two carriers belong to a family of structurally related proteins that also includes the citrate carrier (28), the oxoglutarate carrier (29) , and the uncoupling protein in brown fat mitochondria (30) . It is not yet known whether the dicarboxylate carrier belongs to this family, but it has been suggested that IMAC may be a member (31) . It remains to be established whether the other members of this family exhibit similar behavior.
The kinetic model developed in this paper provides an accurate description of the flux through IMAC with respect to temperature dependence and pH dependence using a single set of numbers. Our analysis indicates that the temperature dependence is shared between K O and K 1 , i.e. IMAC is temperaturedependent in the absence of H ϩ (⌬H O ϭ 70 kJ/mol), but even more so (⌺⌬H open Ͼ 170 kJ/mol) in the presence of H ϩ . Thus, protonation increases ⌬H for opening by about 100 kJ/mol.
Previously, we have suggested that many of the effects of NEM on IMAC may be explained by a shift in the value of the open probability (14) . The findings presented in this paper support this conclusion. Currently, we have no conclusive evidence to establish whether NEM stimulates by affecting K O or K 1 . In theory, we should be able to distinguish these mechanisms by examining the effect of NEM on J max ( kJ/mol. These values are in the same range, 18 -34 kJ/mol, as those observed for many other ion channels using electrophysiological techniques (22, (32) (33) (34) (35) (36) (37) . In contrast, carriers generally have a higher activation enthalpy (22) , including several mitochondrial carriers whose activation energies fall in the range 45-110 kJ/mol (25, 26, 38, 39) . Thus, we conclude that IMAC is a channel with a temperature-dependent open probability. There are several reports in the literature in which the open probability but not the conductance of ligand-gated channels are found to be temperature-sensitive (32, 34, 36) .
In conclusion, we have presented a description of the relationship between pH, temperature, and the flux through IMAC in intact mitochondria. We have shown how this may be explained by a simple channel model; however, until these conclusions can be verified by electrophysiological measurements this remains a hypothesis.
